Abstract In order to improve the adhesion of the middle frequency magnetic sputtered zirconium coating on a polyurethane film, an anode layer source was used to pretreat the polyurethane film with nitrogen and oxygen ions. SEMs and AFM roughness profiles of treated samples and the contrast groups were obtained. Besides, XPS survey spectrums and high resolution spectrums were also investigated. The adhesion test revealed that ion bombardment could improve the adhesion to the polyurethane coating substrate. A better etching result of oxygen ions versus nitrogen predicts a higher bonding strength of zirconium coating on polyurethane and, indeed, the highest bonding strengths are for oxygen ion bombardment upto 13.3 MPa. As demonstrated in X-ray photoelectron spectroscopy, the oxygen ion also helps to introduce more active groups, and, therefore, it achieves a high value of adhesion strength.
Introduction
Gridded ion sources provide a high degree of independent control of ion energy and current, and the grid accelerated ions that are neutralized by special electron sources are mono-energetic, allowing the selection of specific ion energies for process optimization [1, 2] . Alternatively, non-grid ion sources consist of fewer parts and have no maintenance requirements. One type of gridless ion source is the anode layer source (ALS). For the gridless source, the resulting ion beam has a broad ion energy distribution, and the accelerated ion flux draws electrons from the source plasma and is virtually self-neutralized [3, 4] . The ALS is often used in mass products for low cost, whereas gridded source is often used in laboratories for high-end products.
The effects caused on the polymer surface by the low temperature plasma include the incorporation of functional groups, changes in the surface morphology, and alteration in the chain structure [5−7] . RF plasmas are currently used as a standard production method for polymer modification, and the key structure is the parallel-plate electrodes with capacity coupling as the working configuration [8−10] . Comparatively, ALS has a lot of advantages over RF in that: firstly, it can be conveniently assembled in vacuum coating equipment, resulting in real non-contaminated surface for not breaking the vacuum; and secondly, ALS with choice of directionality allows us to selectively treat the surface as you wish.
In this work, ALS was applied to pretreat polyurethane (PU) coatings, in which oxygen and nitrogen gas acted as source gas separately, so as to increase the adhesion of the deposited zirconium film on it. Afterwards, functional groups and variation in surface morphologies of PU coatings were investigated, as well as the adhesion improvement of deposited zirconium films on PU coatings.
Experiment

Sample preparation and ALS treatment
A schematic of anode layer source (ALS) and the real object are shown in Fig. 1(a) , and the space relationship between the treating sample and the targets is depicted in Fig. 1(b) . PU coatings with a thickness of 0.2 mm were conventionally sprayed on aluminum cuboids and tablets with air spray. The dope is two components, and is cross-linked chemically for 3 h in an oven. The cuboid had a section of 180 mm×80 mm and a thickness of 20 mm, and the tablet had a section of 7 mm×4 mm and a thickness of 1 mm. Cuboids were applied to adhesion measurement of deposited zirconium film on PU coatings and tablets were adopted for X-ray photoelectron spectroscopy (XPS) and scanning electron microscope (SEM), respectively. Samples were treated in the plasma system of the anode layer source (ALS) device with several rotary and static plates. The PU coatings were put in a vacuum chamber with basic pressure of 5.0×10 −4 Pa for ions irradiation and subsequent middle-frequency magnetic sputtering (MS). During plasma treatment with ALS, oxygen (99.999 purity) and nitrogen (99.999 purity) gases were selected as source gases, separately. The anode voltage of the ion source was set at 500 V. Powers of ALS and MS were 500 W and 10 kW, respectively. Plasma treatment of PU coatings was conducted under stationary mode, while magnetic sputtering (MS) in a rotary way. The position relationships among them are displayed in Fig. 1(b) . The nearest target-substrate distance was kept at 10 cm during the bombarding period.
Characterizations
A JEOL JSM-5900KV scanning electron microscope (SEM) and a Digital Instruments Nanoscope atomic force microscope (AFM) were used to observe the surface morphologies and roughness profiles on the irradiated surfaces.
The DS1922 temperature logger iButtons, a digital thermometer reading the temperature of the environment or of the object to it attached, was used to measure the temperature and record the result in a protected memory section.
X-ray photoelectron spectroscopy (XPS) analysis was performed to determine the chemical bond environment for the modified polymer surfaces, using a ES-CALAB250 XPS analysis apparatus.
Aluminum bells were bonded onto the zirconium coatings for measurement of adhesion, and the adhesive is two components polyacrylic acid. The US made PosiTest adhesion tester Modeled AT-M was used to pull off the bonded bell in a criterion of ISO-4624. Each value of the adhesion strength was taken as the average value measured on four different samples prepared under the same experimental conditions.
3 Results and discussion
Changes of surface morphology
The surface morphologies of samples before and after plasma treatment are displayed in Fig. 2 , revealing two facts: a) surfaces of the treated samples are much more uneven than the non-treated; and, b) different kinds of ions lead to different features of appearance. As expected, the surface of untreated sample is quite smooth. After the plasma treatment the surface morphology has changed significantly, and now the surface is composed of small particles with typical dimension of nanometer scale. The profiles of surface roughness in Fig. 3 consist of SEM results in that the treated surface is indeed increased to a comparatively larger scale with the sample treated with oxygen ions attaining the highest value. A granulation surface is distinctive for the nitrogen ion treated sample, and the longer the bombardment time the stronger the granulation shall (see Fig. 2(b) , 2(c) and 2(d)). However, something like melted granulated surfaces are formed on the oxygen ions treated ones, and the degree of melting intensifies with time (see Fig. 2 (e), 2(f) and 2(g)), which makes us wonder whether it can reasonably be concluded that the somewhat melted appearance must be melted zones, if the temperature of oxygen ions treated sample is higher than that of nitrogen treated ones. Hence, we have first investigated the temperature history during ions treatment for oxygen and nitrogen, as shown in Fig. 4 . Although it can be noticed in Fig. 4 that the highest temperature of the sample treated by oxygen is 0.7 o C higher than that of nitrogen, which convinces us that the surface morphologies are not features of melted zones but the outcome of ion erosion. Secondly, as far as the activity of ion is concerned, the oxygen ions could react with more of the sample's surface elements and, thus, it is another way to explain why a more refined etching feature of the surface is noticed under nitrogen ion bombardment. 
Analysis of surface functional groups
In order to investigate the changes in chemical state for the modified PU surface, XPS analysis was performed. Fig. 5 reveals that the plasma from ALS slit can significantly modify the surface molecular structures so that spectra change with the type of source gas, indicating that the ratios of the surface atoms tell a lot. The apparent surface chemical composition is shown in the insert ratio of Fig. 5 . After the treatment of ALS by the low-pressure plasma, both the oxygen and nitrogen content increased, indicating new oxygen and nitrogen functional groups present on the PU surface. This might be attributed to the so called etching [11, 12] process, in which active particles from the slit of ALS can induce C−C bonds breaking and subsequently create radicals, generating crosslink as well as small compound molecular gas, such as volatile dioxide gas or nitride gas. Oxygen ions bring in oxygen functional groups, for example C=O, C−O etc, and nitrogen ions bring in functional group C−N. However, the created radicals can still react with residual oxygen and nitrogen gases in the vacuum chamber; and furthermore, they do so after the vacuum is broken in the subsequent processes. This on one hand means the reduction of the surface ratio of C−C and, on the other hand, the rising ratio of oxygen and nitrogen.
In order to grasp a more systematic comprehension of this process, we have intensively studied the C1s core level spectra of the three samples in Fig. 6 . Curves of the virgin and samples treated with nitrogen ions can be deconvoluted into three peaks (see Fig. 6(a)  and (b) ), including a main component at 284.5 eV (assigned to C−C bond, say P1), a small component at 286.0 eV (assigned to C−N bond, say P2), and another small component at 288.6 eV (assigned to C=O and O=C−N bond say P3). It is of interest to notice that the ratio of the peaks area varied significantly: for the virgin, P1:P2:P3 = 73.8:15.2:11.0, the nitrogen ion treated, P1:P2:P3=51.9:40.9:7.1. The difference before and after ion treatment demonstrated that oxygen and nitrogen functional groups had been successfully incorporated into the outmost layer of the PU coating, in which the slight rising ratio of oxygen must be due to the residual oxygen in vacuum system because oxygen gas is very active, especially when ionized [13, 14] . Interesting still, a small new peak, say P4 at 286.4 eV, assigned to C−O bond, emerges in the case of oxygen ion compared with the other two, and the ratio of four peaks is P1:P2:P3:P4=62.0:15.6:9.1:13.3 ( Fig. 6(c) ). The increased functional groups may contribute to the adhesion improvement for the charge transfer between the groups and the PU coatings.
Adhesion test
It is expected that the increased surface energy and surface roughness of the modified PU by the ALS show improvement of adhesion between modified polymers and coating materials [15, 16] . In order to investigate the improvement of adhesion between the PU and the Zr coating, adhesion tests were carried out, and adhesion strength is evaluated. The results in Table 1 show that the bonding strength of bombardment samples increased apparently compared with the non-bombarded, in which the non-treated samples have a mean value of (3.4±0.4) MPa, but it goes up to (9.0±1.4) MPa after nitrogen ion bombardment, which makes us believe that the etched rough surface of PU coating, and the increased nitrogenous and oxygenous groups (C−N, C=O, O=C−N) must account for the enhancement of adhesion. Moreover, the bonding strength under oxygen ion treatment gets to an average value of (13.3±1.4) MPa, which is much higher than that in the case of nitrogen. Facts reflect that the extra amount of C−O groups generated on the surface of PU coating for oxygen ions work excellently for zirconium to adhere to it. Fig . 7 shows the samples after bells deboned from the aluminum cuboids, in which images of detached surfaces can tell us more. The samples without any pretreatment, shown in Fig. 7(a) , have a majority of the zirconium coatings detached so that the average ratio of detached area was (84±5)%, in contrast with Fig. 7(b) in which only a small fractions of zirconium coatings fail, and the ratio of detached area is (15±7)%. When pretreated by oxygen ions, in Fig. 7(c) , the whole PU coatings are almost detached from the cuboids. Therefore, from the bell side we cannot notice any zirconium coating falling from the PU, which in other words means that if the adhesion of PU coating on cuboids was stronger than it had be, then the value of the tested debonding strength would be much higher. Three kinds of detached surfaces coincide well with three stages of debonding values. Consequently, information from all sides proves that oxygen ions are of the most help to prepare an excellent adherent zirconium coating on PU. 
Conclusions
The characteristics of the ALS treatment were studied, and the improvement of adhesion of the PU to zirconium coatings can be mainly attributed to two reasons: 1) ion beam bombardment from ALS can make PU a coarse surface, which helps to get a high bonding strength; and, 2) plasma treatment is also able to introduce functional groups on the modified surface, which facilitates the charges transfer between the PU coating and the functional groups, and the effect of oxygen ion treatment prevails over nitrogen ions.
